Low thyroid hormone (TH) conditions caused by a variety of prenatal and perinatal problems have been shown to alter postnatal regulatory thyrotropin (TSH) responsiveness to TH in humans and rodents. The mechanisms underlying this pituitary TH resistance remain unknown. Here we use the evolutionarily conserved zebrafish model to examine the effects of low TH on thyrotrope development and function. Zebrafish were exposed to the goitrogen 6-propyl-2-thiouracil (PTU) to block TH synthesis, and this led to an approximately 50% increase in thyrotrope numbers and an 8-to 10-fold increase in tshb mRNA abundance in 2-week-old larvae and 1-month-old juveniles. Thyrotrope numbers returned to normal 3 weeks after cessation of PTU treatment, demonstrating that these effects were reversible and revealing substantial plasticity in pituitary-thyroid axis regulation. Using a T4 challenge assay, we found that development under low-TH conditions did not affect the ability of T4 to suppress tshb mRNA levels despite the thyrotrope hyperplasia that resulted from temporary low-TH conditions. Together, these studies show that low developmental TH levels can lead to changes in thyrotrope number and function, providing a possible cellular mechanism underlying elevated TSH levels seen in neonates with either permanent or transient congenital hypothyroidism. (Endocrinology 158: 2774(Endocrinology 158: -2782(Endocrinology 158: , 2017 C ongenital hypothyroidism (CH), defined as thyroxine (TH) deficiency present at birth, can cause growth retardation, multiple system failure, and neurocognitive impairment (1, 2). The incidence of CH has doubled over the last three decades (3), with the increase largely attributable to the diagnosis of elevated levels of thyrotropin (TSH) in patients with intact thyroid glands (4). These TSH level elevations are operationally defined as a relatively increased set point for TH-induced TSH suppression (5, 6) and are increasingly common in premature and compromised neonates (7, 8) . Delayed maturation of the hypothalamic-pituitary-thyroid (HPT) axis is proposed as one cause of this altered TSH set point (4). Mild elevations of TSH levels often persist in children born small for gestational age (SGA), possibly due to TH resistance within the TSH regulatory response (9). Interestingly, pituitary thyroid hormone resistance to therapeutic TH is observed in 43% of infants with CH, and resistance persists in 10% of these children (10). The developmental mechanisms underlying the persistence of an abnormal TSH set point in the previous scenarios are unknown.
C ongenital hypothyroidism (CH), defined as thyroxine (TH) deficiency present at birth, can cause growth retardation, multiple system failure, and neurocognitive impairment (1, 2) . The incidence of CH has doubled over the last three decades (3) , with the increase largely attributable to the diagnosis of elevated levels of thyrotropin (TSH) in patients with intact thyroid glands (4) . These TSH level elevations are operationally defined as a relatively increased set point for TH-induced TSH suppression (5, 6) and are increasingly common in premature and compromised neonates (7, 8) . Delayed maturation of the hypothalamic-pituitary-thyroid (HPT) axis is proposed as one cause of this altered TSH set point (4) . Mild elevations of TSH levels often persist in children born small for gestational age (SGA), possibly due to TH resistance within the TSH regulatory response (9) . Interestingly, pituitary thyroid hormone resistance to therapeutic TH is observed in 43% of infants with CH, and resistance persists in 10% of these children (10) . The developmental mechanisms underlying the persistence of an abnormal TSH set point in the previous scenarios are unknown.
Across vertebrate species, the pituitary responds to reduced TH levels by increasing TSH secretion (negative feedback) (11) . This elevated pituitary TSH output is the result of increased TSH production within the existing thyrotrope population and an increase in thyrotrope numbers (hyperplasia). In humans, fetal levels of serum T4 and TSH indicate that thyrotropes begin to respond to T4 at 20 weeks gestation (12) . Thus, developmental exposure to low TH levels could affect thyrotrope proliferation and function and lead to the abnormal TH regulation observed in some neonates with CH (10) . Although the magnitude and duration of exposure to reduced TH conditions is less severe in premature and SGA infants than in those with overt CH, prolonged TSH increases have been documented in these situations as well (13) , indicating long-term TSH/TH set point alterations. An understanding of the mechanism(s) responsible for TSH resistance after a transient exposure to low TH levels is critical for the proper management of neonates with overt and subtle CH. Treatment (i.e., TH supplementation) likely should be individualized to both the degree of CH severity and the ability of the system to self-correct.
Endocrine regulation is a fundamental feature of vertebrates, and the molecular and cellular components that mediate negative feedback in the thyroid axis are largely conserved across species from fish to mammals (14) . The zebrafish has emerged as a new model for studying the ontogeny and functional maturation of the vertebrate HPT axis (15) (16) (17) . Transgenic reporter lines allow quantification of thyrotrope populations throughout the entire life of the organism (18) , and the functional consequences of altered TH levels can be determined at any time during the life cycle (19) . Thyrotropes first differentiate in the developing zebrafish pituitary gland between 28 and 32 hours post fertilization (hpf), and functional negative feedback of pituitary TSH production begins coincident with TH production in the thyroid follicle (the thyroid gland analog) around 4 days post fertilization (dpf) (18) . Given this rapid development, experimental accessibility, and evolutionary conservation, the zebrafish system greatly facilitates the investigation of the cellular and molecular mechanism underlying direct TH regulation of TSH production in thyrotropes, and promises to shed light on transient pituitary TH resistance in neonates.
Here we report the immediate and lasting effects of low TH levels on the developing zebrafish thyrotrope population and examine how the system responds when thyroid hormone levels are restored. We hypothesized that low developmental TH levels would cause an expansion of the thyrotrope population that would in turn lead to pituitary resistance to TH and altered suppression of tshb mRNA output. Consistent with this hypothesis, we show that thyrotrope numbers and tshb mRNA abundance increase in response to low TH levels and that thyrotrope numbers can return to normal with time. Contrary to our prediction, 6-propyl-2-thiouracil (PTU) treatment did not affect the sensitivity of thyrotropes to supplemental TH treatment, suggesting that thyrotropes can respond appropriately to a TH challenge despite hyperplasia.
Materials and Methods
Thyroid hormone level manipulations: PTU and thyroid hormone treatments Zebrafish were maintained as described previously (20) , and larvae were staged by standard length (21) . Low-TH conditions were created by rearing embryos and larvae PTU (SigmaAldrich) (22) . To produce chronic low-TH conditions, 25 to 30 zebrafish embryos and larvae were maintained in 100-mm petri dishes containing 15 mL of 0.65 mM PTU or 0.1% dimethyl sulfoxide (DMSO) (control) in embryo rearing medium (20) until 7 dpf, when they were transferred to 2-L tanks containing 1.0 L of 0.65 mM PTU or 0.1% DMSO in aerated system water. Larvae were fed rotifers starting at 5 dpf and switched to brine shrimp and dry food by 10 dpf. Tanks were kept isolated from the circulating system, but aeration was maintained with bubblers, and treatment water was fully replaced daily up to 14 dpf and then partially replaced every other day. To produce transient low-TH conditions, zebrafish embryos/larvae were raised in 0.65 mM PTU (starting at 6 hpf) for 7 days followed by a 7-day or a 21-day washout in system water. The 7-day washout experiment was repeated three times, and the 21-day washout experiment was performed twice. To verify that the PTU-induced effects were specific and due to reduced thyroid hormone levels, a T3-rescue group of embryos was exposed simultaneously to 0.65 mM PTU and 10 nM 3,3 0 ,5-triiodo-L-thyronine (T3) (Sigma-Aldrich), and thyrotrope numbers were quantified at 7 dpf. HPT axis regulation was tested by challenging PTU-treated and control embryos with various concentrations of TH, in the form of LT4 (Sigma), or with 0.0025% DMSO (control) for 48 hours at 7 and 14 dpf and then assaying relative tshb, thrb, and dio3b mRNA levels by quantitative real-time polymerase chain reaction (RT-qPCR) (described later). LT4 was used rather than T3 because of its longer half-life and physiological relevance in zebrafish development (23) .
Thyrotrope and somatotrope quantification
Thyrotropes were visualized in the Tg(tshb:EGFP) umz29 transgenic line (18) using a Zeiss apotome microscope to collect z-stacks of optical sections through the pituitary. For embryos or larvae up to 14 dpf, whole fish were sedated in tricaine (MS-222; Sigma-Aldrich), fixed in ice-cold 4% paraformaldehyde (pH 7.2) overnight, and then mounted for viewing in 25% glycerol. Zebrafish 14 dpf and older were sedated and rapidly decapitated, and heads were fixed in ice-cold 4% paraformaldehyde overnight. For mounting fish younger than 21 dpf, the lower jaw and eyes were removed to allow imaging of the pituitary gland in situ from the ventral aspect. In fish 21 dpf and older, pituitary glands were dissected away from the brain under a fluorescent dissecting microscope and individually imaged. Thyrotrope counts in larvae raised under low-TH conditions were repeated two to four times. Fluorescent cells were blindly counted in z-stacks using ImageJ software. Somatotropes were labeled by in situ hybridization using a digoxigenin-labeled growth hormone probe and manually counted as described previously (24) .
RT-qPCR and green fluorescent protein intensity measurements
Relative mRNA levels were determined by RT-qPCR using the MxPro 3000P system (Stratagene) as described previously (18) . Zebrafish larvae were sedated in MS-222 and rapidly decapitated, and heads were immediately submerged in 500 mL Trizol reagent (Invitrogen). Total RNA was extracted from five to seven individual heads per pooled sample, and at least six pooled samples per experimental condition were used for RTqPCR and statistical analyses. Total RNA was extracted using a Bullet Blender homogenizer (Next Advance) and quantified using a Nanodrop spectrometer (Thermo Fisher Scientific). Total RNA (200 ng) was reverse transcribed into complementary DNA (cDNA) using a High-Capacity cDNA Reverse Transcription kit (Applied Biosystems). As a loading control, cycle threshold values were normalized to the corresponding mRNA level of the housekeeping gene ef1a (25) performed in parallel wells for each sample. Quality of RT-qPCR runs was determined by confirming the absence of amplification in the no-template control (containing SYBR green mix and primers but no cDNA) and the no-reverse transcriptase control (containing SYBR green mix, primers, and the product of a pooled mRNA sample that underwent cDNA synthesis without the addition of reverse transcription enzyme) by melting-curve analysis with single-peak verification and by ensuring that all sample cycle threshold values fell within the linear range of a serially diluted standard curve that indicated run efficiency between 90% and 100%; any run that did not meet all of these qualifications was repeated, and the original data were excluded from analyses. RT-qPCR data were analyzed using the DDCt method as previously described (18) . Data points falling more than 1.96 standard deviations above or below the mean were identified as outliers and omitted from the final analysis, but their omission did not alter the overall results. For each group, the mean, standard deviation, and standard error of the mean (SEM) were calculated. Primer pairs: ef1a (elongation factor 1a; forward: EF1a-
. Green fluorescent protein (GFP) fluorescence intensity was quantified in z-stack images using ImageJ. GFP-expressing thyrotropes were first counted using the three-dimensional object counter plugin, and cell counts were verified by eye. Raw intensity density was then measured using the measure stack plugin in a region of interest that was defined to include all thyrotropes in the confocal stack. Total pixel intensity was then divided by cell number to give the average pixel intensity per cell.
Statistics
Statistical significance of changes in cell numbers, pixel intensity/cell, and mRNA levels between groups was determined by a two-tailed Student t test assuming unequal variance or by one-way analysis of variance (ANOVA) followed by Dunnett multiple comparison test to compare every mean with a control in the T3-rescue experiment. Finally, a two-factor ANOVA was used to examine the effect of PTU, adjusting for fish size. Both factors were measured categorically. To determine whether the PTU effect differed across fish size, a group-by-size interaction was evaluated. No interaction effects were significant. Statistical analysis was performed using GraphPad Prism 6 (GraphPad Software). Values are shown as the mean 6 SEM.
Study approval
All protocols and experiments were approved by the Institutional Animal Care and Use Committee of the University of Massachusetts.
Results

Effects of low TH levels on postembryonic thyrotrope numbers and function
To determine the effect of low thyroid hormone levels on the development of the thyrotrope population in zebrafish, we first documented normal increases in thyrotrope numbers through larval development and into adulthood using the Tg(tshb:EGFP) transgenic line (18) . Thyrotrope numbers increased through all larval stages, and the increase was linear when plotted against standard length of the fish (21) (Fig. 1) . Interanimal variation in thyrotrope numbers increased after the juvenile-adult transition, which occurs at about 1 month (15 mm). Fish size was a far better predictor of thyrotrope numbers than age (data not shown), consistent with the fact that standard length has been previously shown to be the best indicator of developmental stage postembryonically (21) .
The goitrogen 6-propyl-2-thiouracil (PTU) has been previously shown to be effective in reducing TH levels in zebrafish both during larval development and in the adult (22, 26, 27) . In zebrafish, TH is initially supplied maternally from the yolk, with zygotic TH production beginning in the thyroid follicles by 3 dpf (28) and significant changes in tissue levels of T4 first occurring at 5 dpf (23) . To determine the effects of chronic low-TH conditions on the development of the thyrotrope population, we exposed Tg(tshb:EGFP) zebrafish to 0.65% PTU starting at 6 hpf, well before the onset of TSHb and zygotic TH production (18, 24, 29) [ Fig. 2(a) and 2(b) ]. PTU treatment caused a very slight decrease in thyrotrope numbers after 2 days, but no significant differences in the thyrotrope numbers were observed after 3, 4, and 5 days of growth in the presence of PTU [ Fig. 2(b) ]. In contrast, 7 and 14 dpf larvae grown in the presence of PTU exhibited a significant increase in thyrotrope numbers, and by 28 days the thyrotrope number had increased by approximately 50% relative to controls [ Fig. 2(a) and 2(b) ]. A two-way ANOVA confirmed that PTU treatments affected thyrotrope numbers independent of fish standard length (data not shown). In parallel experiments, we measured somatotrope numbers in PTU-treated larvae to test for general effects on pituitary endocrine cells. PTU treatments had no significant effect on somatotrope numbers [ Fig. 2(b) ], consistent with a specific effect of low-TH conditions on thyrotropes and/or thyrotrope precursors.
To further test the specificity of this effect, we attempted to rescue thyrotrope numbers in PTU-treated larvae by adding T3 to the treated larvae. The addition of 10 nM T3 alone did not significantly alter thyrotrope numbers [ Fig. 2(c) ]. However, the addition of 10 mM T3 prevented the increase in thyrotrope numbers produced by PTU treatment [ Fig. 2(c) ]. This finding provides strong evidence that the increased thyrotrope numbers seen after PTU treatment represents a specific response to low-TH conditions and not to other possible effects of PTU.
We next examined the thyrotrope response to PTU treatment by assaying tshb mRNA levels using RT-qPCR [ Fig. 2(d) ]. PTU treatment at 7 dpf led to a doubling of tshb mRNA in relation to ef1-alpha mRNA, whereas PTU treatment at 14 and 28 dpf led to an 8-to 10-fold increase in tshb mRNA [ Fig. 2(d) ], consistent with appropriate negative feedback regulation of TSH production by TH. We also quantified GFP fluorescence in cells carrying the tshb:EGFP transgene in both PTU-and DMSO-treated embryos and found a consistent increase in the level of fluorescence per cell after 7-day and 28-day PTU treatment [ Fig. 2(d), right] . Together, these data indicate that increases in tshb gene expression within individual thyrotropes, as well as increases in thyrotrope cell numbers, could contribute to an upregulation of TSHb production under conditions of low developmental TH.
To assess the effects of transient low TH on the thyrotrope population, zebrafish larvae were raised in the presence of PTU for 7 days and then returned to drug-free water for various wash-out periods before thyrotropes were quantified. The 7-day [ Fig. 2(e) ] and 14-day (not shown) PTU treatments again resulted in an increase in thyrotrope numbers that persisted after 7-and 14-day wash-out periods. Thyrotrope numbers returned to normal after 21 days in drug-free water [ Fig. 2(e) ]. In humans, PTU has a half-life of 1.5 hours (30), suggesting that PTU may be cleared relatively early in the wash-out period. Although we do not know the kinetics of PTU elimination in these experiments, our data demonstrate that the PTU effects can be eliminated after PTU removal. Overall these data show that thyrotropes and/or thyrotrope precursors can sense and respond to low-TH conditions experienced during zebrafish development, resulting in an increase in thyrotrope numbers and increased tshb mRNA abundance. The finding that normal thyrotrope numbers are restored when PTU is removed indicates that cellular responses to altered TH conditions are reversible in zebrafish.
Maturation of TH axis negative feedback
We and others previously demonstrated that thyroid axis feedback regulation, as measured by changes in tshb, thyroid hormone receptor beta (thrb), and dio3 mRNA expression in response to TH, emerges by 1 week after https://academic.oup.com/endofertilization (18, 31) , coincident with increased TH production by the thyroid follicles (23) . We examined relative mRNA levels of these TH-axis genes in response to altered TH levels in an attempt to establish an assay for the maturation of thyroid axis feedback regulation. We first examined the relative changes in tshb, thrb, and dio3b mRNA levels in whole head tissue through the first month of development and found distinct profiles for each TH-regulated gene [ Fig. 3(a) ]. We next determined how tshb, thrb, and dio3b expression levels responded to the addition of different amounts of T4 at 7 and 14 dpf [ Fig. 3(b) ]. In 7 dpf larvae, exposure to 1 nM T4 had no effect on tshb mRNA abundance, whereas exposure to 2.5 nM or higher concentrations of T4 led to a 50% reduction in tshb transcripts. In contrast, in 14 dpf larvae, tshb mRNA was reduced by 50% with the addition of only 1 nM T4, indicating increased sensitivity of thyrotropes to TH levels. Higher concentrations of T4 failed to further suppress tshb mRNA levels at either age. Analysis of thrb and dio3b mRNA also revealed increased sensitivity to a TH challenge at these two ages, albeit at different concentrations. For thrb, addition of 1 nM T4 was sufficient to cause a twofold increase in mRNA at 14 dpf, whereas 12.5 nM T4 was required for a similar induction at 7 dpf. dio3b mRNA levels were affected similarly up to 25 nM T4 addition but were twofold higher in 14 dpf larvae exposed to 100 nM T4 [ Fig. 3(b) , colored arrows]. Together these data suggest that thyrotrope sensitivity to altered TH levels increases between 7 and 14 dpf, as indicated by changes in mRNA abundance of a subset of genes involved in thyroid axis negative feedback. Interestingly, our data point to dose dependence of transcript levels for thrb and dio3b, but not tshb, in these concentration ranges.
Effects of transient low-TH conditions on thyroid axis gene regulation
Having established that low-TH conditions lead to increased thyrotrope numbers and tshb mRNA levels ( Fig. 2) and having developed an assay that reveals developmental changes in the tshb response to TH as a proxy for changes in the TSH set point, we next examined (left) and somatotropes (right) in larvae grown in PTU or DMSO starting at 6 hpf. (c) Thyrotrope numbers at 7 dpf in larvae grown in PTU, a low dose of T3, or PTU+T3 starting at 6 hpf. T3 addition rescued PTU-induced thyrotrope increases, consistent with PTU treatments reducing bioactive TH levels. (d) Relative tshb mRNA levels in larvae treated starting at 6 dpf (left). Relative GFP pixel intensity/cell at 7 and 28 dpf in larvae treated with PTU or DMSO starting at 6 hpf (right). (e) Thyrotrope numbers in larvae exposed to PTU from 0 to 7 dpf followed by 7 or 14 days of growth in system water without PTU (w/o, wash-out). Increased thyrotrope numbers persisted for 7 days after removal of PTU, but the thyrotrope population was indistinguishable from controls (no PTU treatment) after 21 days. (b, d, and e) Values are shown as the mean 6 SEM (Student t test). (c) ANOVA followed by Dunnett test was used to compare every mean with control. *P , 0.05; **P , 0.01; ***P , 0.001; ****P , 0.0001. Scale bar, 50 mm. Figure 3 . Maturation of thyroid-axis gene regulation under altered TH conditions. (a) Changes in relative tshb, thrb, and dio3b mRNA levels during the first month of development as measured by RT-qPCR. (b) Changes in relative tshb, thrb, and dio3b mRNA levels after treatment with different doses of TH (T4 challenge). At 7 dpf (left), tshb mRNA levels responded appropriately to TH (decreased) with the addition of 2.5 nM T4, whereas thrb and dio3b mRNA levels responded appropriately (increased) with the addition of 100 nM T4 (black arrows). At 14 dpf (right), tshb mRNA levels were reduced with the addition of only 1 nM T4, suggesting increased sensitivity to TH (arrow). Similarly, thrb mRNA levels increased at lower T4 doses (arrow) at 14 dpf compared with 7 dpf. At 14 dpf, dio3b mRNA levels increased much more dramatically in response to doses of T4 higher than 12.5 nM than at 7 dpf (compare orange, green, and black arrows). (c) Effects of early PTU treatments on sensitivity to TH levels (T4 challenge). Larvae were grown in 0.65 mM PTU for 7 days prior to being challenged with 0.25 to 25 nM T4. Values are shown as the mean 6 SEM. Student t test: *P , 0.05; **P , 0.01; ***P , 0.001. thyroid system regulatory responses after low-TH conditions. Zebrafish larvae were again reared in PTU (or DMSO control) for 7 days and then challenged with a range of T4 concentrations for 2 days followed by RTqPCR analysis of relative tshb, thrb, and dio3b mRNA levels [ Fig. 3(c) ]. As shown previously, tshb mRNA levels, as well as GFP intensity in the tshb:GFP line, were increased after 7-day PTU treatments [Fig. 2(d) ]. Subsequent addition of 12.5 and 25 nM T4 reduced tshb mRNA levels in both DMSO controls and PTU-treated larvae [ Fig. 3(c), left] . No significant effects on tshb mRNA levels were seen with lower doses of added T4 [ Fig. 3(c), left] , suggesting similar thyrotrope sensitivity to T4 in PTU-treated embryos. Importantly, the amount of T4 needed to suppress tshb expression in both PTUtreated and control larvae was close to the physiologic TH levels at this age (i.e., 10 nM) (32) . In larvae grown in PTU, thrb mRNA levels increased with the addition of T4 at concentrations that were 50-fold lower than those needed to cause increases in control larvae [ Fig. 3(c) , middle]. We did not detect changes in sensitivity to T4 when assaying dio3b expression [ Fig. 3(c) , right], although we cannot rule out a differential response to TH at concentrations between 12.5 and 25 nM.
Discussion
Clinical dilemmas in CH and the zebrafish thyroid system model Newborn screening programs designed to diagnose CH and prevent associated neurocognitive impairments were developed more than 40 years ago. This has been a major success in the industrialized world (1, 33) , but there are still many unanswered clinical questions regarding both diagnosis and appropriate therapy (namely, appropriate TH supplementation doses) along the CH spectrum. These issues are difficult to address without an understanding of the mechanisms underlying the ontogeny of thyroid axis regulation at the pituitary level.
Our goal was to model a wide spectrum of low-TH conditions during HPT axis development that may correspond to a full range of CH in humans. This CH spectrum includes a variety of causes and severity, from exposure to mildly decreased TH levels associated with prematurity to increasingly low TH levels experienced by 1) the euthyroid fetus of a hypothyroid mother, 2) the hypothyroid fetus of a euthyroid mother, and 3) the hypothyroid fetus of the hypothyroid mother, including cases due to endemic iodine deficiency. We used the evolutionarily conserved zebrafish model to begin to investigate the cellular consequences of altered developmental TH environment (22) , focusing on changes in thyrotrope numbers and tshb expression under low-TH conditions. We document changes in thyrotrope numbers and function (Fig. 2) proportionate to the length of exposure to the goitrogen PTU. Although a limitation of these studies was a lack of direct measurements of T4 and T3 levels in larvae, the ability of T3 to rescue the effects of PTU [ Fig. 2(c) ] strongly supports the idea that PTU treatment lowers TH levels in these experiments, as previously reported in zebrafish (22, 26, 27) . Importantly, this response appears to be evolutionarily conserved, as indicated by the thyrotrope hyperplasia seen in TRH-R1 (2/2) Pax8 (2/2) double-knockout mice that suffer from hypothyroidism early in development (34) . Thus, thyrotrope hyperplasia, combined with increased tshb production, in embryos experiencing low-TH conditions provides a possible pituitary-centered mechanism for the findings of elevated TSH levels in infants with both mild and severe forms of CH. Overall, these data suggest that changes in the thyrotrope population in response to low developmental TH levels could underlie some mild CH cases, in particular mild persisting TSH elevations after premature birth or SGA status. The finding that thyrotrope numbers returned to normal after removal of PTU points to considerable plasticity in the thyrotrope population. More refined wash-out experiments that include measurements of available T4 and T3 levels will provide the next step in uncovering the dynamics of thyrotrope adaptation to altered developmental TH levels. Although we did not detect changes in thyrotrope sensitivity to TH after these PTU treatments, at least as determined by measurement of tshb, thrb, or dio3b mRNA levels in larval head tissue, it is possible that nonpituitary expression of thrb and dio3b in the head could mask thyroid-axis regulatory changes in these experiments.
Pituitary TH resistance after exposure to low-TH condition was not observed in zebrafish Although our prediction that low developmental TH levels would cause an expansion of the thyrotrope population was supported by the data, we were surprised to find that tshb mRNA levels remained responsive to T4 challenge at the same concentrations of TH as in controls. Thus, misregulation of tshb, at least at the mRNA level, may not explain the published observation of relative hyperthyrotropinemia in a subset of neonates with CH and the finding that transient neonatal exposure to abnormal TH levels resulted in long-term alterations in the TSH feedback control system in rodents (35, 36) . Although species-specific differences or experimental details (e.g., length of low-TH exposure, inability to measure TSHb protein levels, and/or the masking of individual differences in pooled samples) may explain these discrepancies, our data may also suggest that TH resistance in neonates should be examined in the context of the complete HPT axis regulatory network. Establishment of a TSH set point is a complex process involving TRH and its receptor, TH transporters, TH receptor and its cofactors, and activity of iodothyronine monodeiodinases (10, 37) . Given the highly conserved nature of thyroid axis components across vertebrates (17) , further analysis in the zebrafish model can provide a more detailed understanding of the developmental mechanisms underlying HPT axis responses to low-TH conditions as well as potentially shedding light on variability in these responses across individuals.
Thyrotrope recovery after transient low-TH conditions
The dramatic and puzzling increase in mild and transient cases of CH in neonates with an intact thyroid gland has sparked extensive clinical research (4, 7, (38) (39) (40) and has raised multiple discussions in the pediatric endocrinology community (33, 40, 41) . In rare cases, mutations in the TSH receptor can cause mild and stable elevations in TSH with normal TH levels (42) . DUOX2 haploinsufficiency was found to be responsible for CH due to abnormalities in TH production (dyshormonogenesis) that improves with time (43) . Both of these scenarios are rare and cannot explain the majority of infants with mild and transient CH. To date, no consensus has been reached regarding the best management strategies and whether TH supplementation should be used in neonates and children with CH in cases of modest TSH elevations and normal levels of TH. Given the serious concerns regarding neurologic deficits and the lack of indicators (markers) other than a TSH assay, the majority of endocrinologists prefer to aggressively treat patients with even mild CH, but reports of harmful longterm behavioral effects of overtreatment are concerning (44, 45) . Our data reveal strong regulatory compensation during development, with increases in thyrotrope numbers and function that are proportionate to the length of exposure to low TH conditions [ Fig. 2(b) ]. The expanded thyrotrope population in PTU-treated larvae produced more tshb mRNA overall, with tshb gene expression also increasing within individual cells [ Fig. 2(d) ]. The slow restoration of normal thyrotrope numbers after transient PTU treatment (Fig. 2, data not shown) indicates that the system can respond appropriately to the restoration of normal TH levels [ Fig. 2(e) , data not shown]. Because we have not found evidence of increased cell death after these treatments (data not shown), this is likely due to a slowing of precursor proliferation and/or thyrotrope differentiation rates. Given the potentially long-term risks associated with overtreating infants (44, 45) with mildly abnormal but transient TSH levels, these data are consistent with a recent review suggesting that persistently elevated TSH levels may not be the best indicator of TH insufficiency at the cellular level in the brain and other tissues (40) .
Overall, these findings reveal strong regulatory compensation within the thyrotrope population under low developmental TH conditions and show considerable robustness in thyrotrope negative feedback regulation by TH. These data provide a foundation for future investigation of the programming effects of developmental stressors on the regulatory TSH set point in the thyroid axis.
